INTRODUCTION
Anisotropy is a key parameter defining the nature and dimensionality of correlated electron materials. Real space structure can cause nesting features of the electronic structure in momentum space that lead to density waves, 1 and electronic and magnetic anisotropies in momentum space are believed to be important ingredients to enhance the transition temperature of superconductors. 2 Furthermore, f-electron materials possess strong spin-orbit coupling, which can generate anisotropy in spin space. 3 Despite this, it is generally believed that the minimal models required to understand correlated electron phenomena observed in transition metal and f-electron materials, such as the Hubbard, Anderson, or Kondo lattice models, do not rely on these anisotropies. Hence, the study of cubic materials, which naturally minimize the complexities added by momentum-space and realspace anisotropies, is particularly desirable to make comparison with these "simple" models, which themselves are exceedingly difficult to solve.
The cubic system CeIn 3 exhibits a phenotypical phase diagram of a heavy fermion superconductor: it orders antiferromagnetically (AFM) at ambient pressure (T N ≈ 10 K), which can be suppressed by moderate pressures around 25 kbar accompanied by a small dome of superconductivity (T max c ≈ 200 mK) around the quantum critical point associated with the destruction of the Néel order at zero temperature. 4 This is typical for heavy fermion superconductors thought to be mediated by quantum critical spin fluctuations. 5 At the same time, the material at ambient pressure shows an enigmatic quantum critical transition at a field around 40 T, accompanied by a divergence of the electronic effective mass observed by quantum oscillation experiments. 6 Here we show the sudden emergence of magnetic anisotropy at a similar field scale.
The critical magnetic field required to suppress the AFM order, H c (T), is isotropic up to the 40 T range, but becomes anisotropic at higher fields. Because of strong spin-orbit coupling, the exchange interaction between Ce moments is naturally anisotropic. However, it is usually difficult to determine the full Hamiltonian and spherically symmetric effective models are often sufficient to describe many f-electron materials.
7 As we will demonstrate, the measured anisotropy of the H − T phase diagram exposes the failure of a spherically symmetric model. Subsequently, we derive a minimal model that accurately captures the anisotropy in this prototypical heavy fermion material.
RESULTS
The large magnetic field scales, in excess of 50 T, required to suppress the AFM order in CeIn 3 can only be achieved by pulsed field techniques. As CeIn 3 is a good metal at low temperatures, pulsed field magnetoresistance (MR) measurements are commonly afflicted by self-heating due to eddy currents and suffer from small signal to noise ratio due to their low resistivity. We fabricate microstructures from CeIn 3 bulk crystals with crosssections on the μm 2 scale by focused ion beam (FIB) micromachining to address these issues (see Methods). A typical device and its resistivity is shown in Fig. 1 . The extrapolated resistivity at zero temperature is at ρ 0 ≈ 4 μΩcm similar to that of the parent crystal from which the structure was fabricated. The resistivity increases up to a maximum around 50 K followed by a sharp drop of resistance at T N , in agreement with the behavior of bulk crystals. 8, 9 Figure 2a shows the MR for fields up to 92 T that was measured at the National High Magnetic Field facility in Los Alamos. The MR increases in all field directions up to a field of H * ≈ 40-45 T. The comparatively large MR is to be expected as the main source of scattering in the material are spin fluctuations, as evidenced by the sharp drop in resistance at the magnetic ordering transition at 10 K in zero field (Fig. 1) . The field scale of the MR maximum agrees well with previous reports of a Lifshitz transition associated with a heavy f-electron band. 6 Eventually at higher fields, the destruction of the AFM order is clearly observed as a sharp breakin-slope of the MR at all temperatures. One key experimental finding is directly evident in the data of 
, and is in quantitative agreement with previous phase boundaries determined by pulsed field magnetization measurements on powders. 10 The field direction [100] is remarkably different. An anisotropic H − T phase diagram develops above 40 T, and in fields above 60 T, T N (H) is approximately field-independent, followed by a sudden collapse at 80 T.
DISCUSSION
One potential origin of this anisotropy in a cubic system is the evolution of the crystal field splitting in strong magnetic fields. As the Zeeman energy becomes comparable to the crystal field energies, the orbital character of the Ce 4f wavefunctions may change, which will modify their exchange interactions. Figure 2b shows the lowest crystal field states and their orbital characters for fields along the [100] and [111] directions. In zero magnetic field, the cubic crystal field environment in CeIn 3 splits the J = 5/2 multiplet into a Γ 7 doublet ground state and a Γ 8 quartet excited state by 12 meV. 11, 12 With an applied magnetic field the Zeeman interaction causes additional splitting, which will eventually favor a field-polarized state. A cubic crystal field environment creates an anisotropic response with respect to the field direction. [13] [14] [15] [16] For CeIn 3 , the anisotropy tends to be rather weak at low magnetic fields below~40 T. However, for fields applied along [100] around 40 T, the upper field-split Γ 7 state and the higher-energy quartet begin to repel one another. Consequently, the orbital character of the lowest energy doublet changes significantly (see Fig. 2b ). Because 40 T has not yet quenched the magnetic state in CeIn 3 , we can expect the magnetic exchange interaction to differ at fields beyond 40 T due to the change in orbital content as a consequence of the crystal field-level crossings. 17, 18 Note that for fields applied along [111] and [110] the field necessary to change the character of the lowest doublet of states is substantiantially higher, thereby creating anisotropy in the field response of CeIn 3 above 40 T. This provides a natural explanation for the origin of the anisotropy in CeIn 3 .
To gain further insight into the intriguing field-induced anisotropy, we derive a minimal low-energy effective model for For simplicity, we work with an effective model for the interaction between the f-moments, which should arise from integrating out the conduction electrons of the microscopic "high-energy" model. We first diagonalize the cubic crystal field Hamiltonian determined by inelastic neutron scattering in zero magnetic field 11 with a Zeeman contribution due to the applied magnetic field (Fig. 2b) . For the temperature and field range of interest, we note that, at most, two states are relevant for the low-energy physics. Hence, we can always project our exchange interactions onto an effective low-energy doublet, whose character is evolving with an applied field, so long as the exchange interaction is much smaller than the crystal field splitting of 12 meV. The changing character of the ground-state doublet has been observed by neutron-scattering measurements in a field as low as 4.65 T. 19 The simplest exchange interaction for a system possesses spherical symmetry of the form:
with only nearest neighbor hopping terms on a simple cubic lattice with basis vectors e ν (with ν = x, y, z). Given that the range of the interaction does not affect the mean field treatment that we describe below, we are allowed to replace the long-range RKKY interaction by an effective short-range interaction. Descriptions beyond the mean field level must include the further neighbor exchange terms associated with the RKKY interaction. H CF r is the crystal field Hamiltonian and H Z r = g J μ B H⋅J r is the Zeeman term with the Landé g-factor g J = 6/7 for an f-electron in a J = 5/2 multiplet. A Hamiltonian of this form has often been successfully utilized to explain the behavior of f-electron systems. 7, 12 By projecting this onto the low-energy doublet we obtain an effective low-energy Hamiltonian of the form:
where K i andh are effective, field-dependent exchange and Zeeman interactions, respectively, and c is a field-dependent constant (see Supplementary Information) Fig. 4b . We fix, I ex , by noting that the exact Néel temperature for a S = 1/2 cubic Heisenberg lattice based on quantum Monte Carlo calculations is T N ' 0:94K i ðH ¼ 0Þ and I ex ¼ 9 K i ðH ¼ 0Þ=25. 20 From T N = 10 K we obtain K i ðH ¼ 0Þ = 1 meV. Our mean field solution underestimates the exact Néel temperature and must be scaled up by a factor of 1.89 to compare more directly with the experiment. Note that, although the mean field solution needs to be scaled at finite temperature, it is exact for determining the critical field at T = 0. As can be seen in Fig. 4b the mean field solution has terrible agreement with the experimentally observed field dependence of T N . The source of the peculiar field dependence of T N in the spherical model arises from the strong field dependence of the effective exchange interactions and Zeeman field (see Supplementary Information) .
A solution to this poor agreement is found by recognizing that, despite common practice, spherical symmetry needs not be imposed on the system. Hence, we replace the exchange term in Eq. (1) with the simplest exchange interaction that obeys the cubic symmetry of the lattice:
ex q r Á q rþeν ;
where the operators d r and q r are the projections of the operator J r onto the ground-state doublet and the excited-state quartet of the zero field crystal field Hamiltonian, respectively. In essence, this allows for the exchange interaction between orbitals with Γ 7 symmetry to differ from those with Γ 8 symmetry accounting for the difference in overlap of these orbitals with the conduction electrons that mediate the exchange interaction. By expressing the operators d r and q r as a function of J r (see Supplementary Information) one can see that in addition to breaking the spherically symmetric exchange interaction, H ex also implicitly includes multipolar interactions (products of four or more J components), which are absent in Eq. (1). The presence of multipolar interactions comparable or even larger than the bilinear interactions distinguishes f-electron materials from 3d-based magnetic compounds. Projecting this exchange interaction onto the field-dependent low-energy doublet produces a Hamiltonian of the same form as Eq. (2), with different functional field dependences for K i andh (see Supplementary Information). Fig. 4c ). As in the spherically symmetric case, the parameter I 21 ) could be added, but the good agreement between our model using the basis of eigenstates from the crystal field Hamiltonian and the experimental data suggests that these terms are not dominant.
The presence of strong spin-orbit interactions and crystal field effects are well known to produce anisotropic exchange interactions. 3, 22, 23 Spherically symmetric interactions, however, are often successfully employed to explain the magnetic behavior of felectron materials including CeIn 3 . 7, 12 We have demonstrated the failure of the spherically symmetric model in the prototypical cubic heavy fermion material CeIn 3 by revealing a remarkable anisotropy under an applied magnetic field. The origin of this anisotropy is naturally explained by considering the evolution of the 4f wavefunctions' orbital character with magnetic field. In tetragonal materials, such as the related material CeRhIn 5 , the orbital character of the 4f wavefunctions can also be manipulated as a function of doping or pressure. 24 As seen in this high field study, the exchange interactions can vary significantly, and even change sign, as the orbital character changes (see Supplementary  Information) . The ability to produce a simple model capturing the consequences of strong spin-orbit coupling and varying crystal electric fields in the prototypical heavy fermion CeIn 3 is an important step toward a microscopic understanding that couples the spin degrees of freedom to the conduction electrons leading to unconventional quantum critical and superconducting states in f-electron systems. Additionally, we note that magnetic fields of order 100 T are becoming increasingly available world-wide. This work illustrates that the effective exchange interactions and their anisotropy can be easily manipulated on such a scale, giving rise to the possibilities of novel field-induced phenomena, such as reentrant superconductivity, and using magnetic field as a tuning parameter for the degree of quantum fluctuations.
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METHODS
Single crystals of CeIn 3 were grown using an indium flux technique. 26 From a large single crystal a resistivity device was prepared using FIB micromachining. The sample design consists of a meandered current path in between the voltage and current contacts for a four-terminal resistance measurement. The small conductor width (900 nm) limits the eddy currents in the sample, while the large aspect ratio of the 630 μm long path with a cross-section of 2.8 μm 2 strongly increases the total device resistance and hence the signal. In addition, the compact design of the devices reduces the loop area in the circuitry, leading to a very low noise background induced by the strong vibrations in a pulsed magnet. A typical device is shown in the inset of Fig. 1 . This fabrication process has already been successfully applied to the heavy fermion metals URu 2 Si 2 , 27 and CeRhIn 5 , 28 and details on the technique can be found in these references.
Data availability
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